INTRODUCTION
Glucose-6-phosphate dehydrogenase (G6PD) has recently been implicated in the regulation of cell growth and survival, replicative senescence and development (Ho et al., 2005 (Ho et al., , 2007b . We recently found that G6PD-deficient cells undergo premature senescence upon serial passage and show an increased propensity for oxidant-induced senescence (Beck et al., 2001; Cheng et al., 2004; Ho et al., 2000 Ho et al., , 2007a . In addition, these cells are more susceptible to oxidant-induced apoptosis (Ho et al., 2006) and display altered growth responses to signalling factor (Cheng et al., 2000) . Such diverse effects are probably attributable to the biochemical role of G6PD as a major source of reducing equivalents. Clinically, G6PD deficiency, affecting over 200 million individuals worldwide, can cause neonatal jaundice, drug-or infection-induced haemolytic crisis, favism and, less commonly, non-spherocytic haemolytic anaemia (Beutler, 1991; Luzzatto & Battistuzzi, 1985) . Moreover, it is associated with poor prognosis in patients with nasopharyngeal carcinoma (Cheng et al., 2001 ) and with increased risk for diabetes mellitus (Wan et al., 2002) . Given its important physiological role in nucleated cells, G6PD deficiency may cause more health problems than previously thought. G6PD-deficient cells provide a cellular system for studying the relationship between oxidative stress and such human disease as viral infection. Enterovirus 71 (EV71) is a non-enveloped RNA virus within the family Picornaviridae (Racaniello, 2001) . Since the initial identification of EV71 in California in 1969 (Schmidt et al., 1974) , outbreaks of EV71 infection have been recognized periodically throughout the world (Ho et al., 1999; Lin et al., 2002; Liu et al., 2000; McMinn, 2002) . The clinical manifestation of EV71 infection may include febrile illness, acute respiratory disease, hand-footand-mouth disease, herpangina, myocarditis, aseptic meningitis, acute flaccid paralysis, brainstem and/or cerebellar encephalitis, Guillain-Barré syndrome or combinations of these clinical features (Ishimaru et al., 1980; McMinn, 2002; Takimoto et al., 1998) . Children under 5 years of age are especially susceptible to these syndromes and may develop permanent neurological sequelae or even succumb to such disorders (Huang et al., 1999 nearly 130 000 cases, of which 405 cases were severe, were reported over a period of 8 months (Ho et al., 1999; Lin et al., 2002) . Since then, EV71 infection has recurred every year in Taiwan and continues to circulate in the AsiaPacific region (Lin et al., 2003; McMinn, 2002) .
There is accumulating evidence that oxidative stress affects the interactions between host and viral pathogens, and hence viral pathogenesis. Susceptibility to infection with coxsackievirus and influenza virus is modulated by the redox environment (Beck et al., 2000 (Beck et al., , 2003a Cai et al., 2003) . In vivo studies have demonstrated that coxsackievirus replicates to a higher titre in C3H/HeJ mice fed a high-iron diet or deficient in selenium and/or vitamin E (Beck et al., 1994a (Beck et al., , b, 2000 (Beck et al., , 2005 . Another mouse strain, C57BL/6, which is normally resistant to coxsackievirus B3-induced myocarditis, became susceptible when fed a selenium-and vitamin E-deficient diet (Beck et al., 2003b) . It is speculative whether the redox status affects the replication and pathogenicity of other viruses. Investigations into the relationship between the host's redox status and virus virulence are of great value in developing therapeutic strategies against clinically relevant viruses such as EV71.
In the present study, we demonstrated that the infectivity and virulence of EV71 are enhanced in G6PD-deficient cells. EV71 infection caused oxidative stress, with the effect being significantly greater in G6PD-deficient cells than in their normal counterparts. Exogenous expression of G6PD and N-acetylcysteine treatment suppressed the generation of progeny infectious virions and conferred a protective effect on the infected cells. Our findings suggest that G6PD status, and hence the redox status, modulates the infectivity of EV71 and the outcome of infection.
METHODS
Cell culture and propagation of EV71. Primary human foreskin fibroblasts (HFF3) and their G6PD-deficient counterparts (HFF1) were isolated as described previously (Cheng et al., 2004; Ho et al., 2000) . HFF1 cells were derived from the foreskin of a neonate carrying the Taiwan Hakka (G6PD 1376T ) variant of the G6PD gene. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % fetal calf serum (FCS), 100 U penicillin ml 21 , 0.1 mg streptomycin ml 21 and 0.25 mg amphotericin ml 21 at 37 uC in a humidified atmosphere of 5 % CO 2 . Cells at a population doubling level of 15-20 were used in experiments throughout the study. Vero cells (ATCC CCL-81) were cultured in modified Eagle's medium (MEM) supplemented with 10 % FCS, 100 U penicillin ml 21 , 0.1 mg streptomycin ml 21 and 0.25 mg amphotericin ml 21 in an atmosphere of 5 % CO 2 at 37 uC. Cell lines LGIN and LKGIN, which exogenously express G6PD, and a control cell line expressing green fluorescent protein, LEIN, were derived from HFF1 cells as described elsewhere (Cheng et al., 2004; Ho et al., 2000) . EV71 (BrCr strain; ATCC VR784) was propagated in Vero cells as described previously with modifications (Shih et al., 2004) . After the culture reached 80 % confluency in a T150 flask, the cells were washed twice with PBS and incubated with viral inoculum at 37 uC for 1 h. The flask was gently agitated at 20 min intervals during the adsorption period. The viral inoculum was then removed and fresh medium containing 1 % FCS and antibiotics was added. Cells were incubated in a humidified atmosphere of 5 % CO 2 at 37 uC. When .90 % cytopathic effect (CPE) was visible in the culture, the viral supernatant was collected and cell debris removed by centrifugation. Any remaining viral particles were released from the cell debris by three successive freeze-thaw cycles and subsequent centrifugation. Finally, all supernatants were pooled and stored at 280 uC. This procedure was also used to quantify progeny virus production in HFF1 and HFF3 cells, with the exception that 1610 4 cells were seeded in each well of a 24-well culture plate and the progeny virions were harvested in 1 ml DMEM/1 % FCS.
Plaque assay. Vero cells (3.8610 5 cells per well) were seeded into a six-well culture plate, incubated overnight and then infected with a 10-fold serially diluted virus suspension. After 60 min adsorption, the cells were washed once with PBS and overlaid with 0.3 % agarose in MEM/2 % FCS. After 96 h, the cells were fixed with 10 % formaldehyde and then stained with 1 % crystal violet solution. The virus titre was quantified as p.f.u. (ml cell lysate 21 ).
Detection of EV71 viral protein.
To detect expression of EV71 viral protein in infected cells, 2610 4 cells were seeded into a 12-well glassbottomed culture plate and 24 h later were infected with virus at an m.o.i. of 1.25. At 48 h post-infection (p.i.), the cells were washed once with PBS and fixed with 3.7 % formaldehyde at room temperature for 5 min. The fixed cells were rinsed three times with PBS containing 0.05 % Tween 20 (PBST) and blocked with 1 % BSA/PBST at 37 uC for 15 min. Cells were then incubated with anti-EV71 monoclonal antibody (Chemicon) at 37 uC for 60 min, rinsed with PBST and incubated with FITC-conjugated anti-mouse IgG (Chemicon) for 30 min. After several rinses in PBST, the cells were examined under a fluorescence microscope.
Quantitative PCR analysis of EV71. Virus was allowed to adsorb to HFF1 or HFF3 cells for 1 h. Total RNA was extracted from infected cells using a Viral RNA Extraction Miniprep kit (Viogene) according to the manufacturer's instruction. Total RNA (1 mg) was reversetranscribed into cDNA using a SuperScript First-Strand Synthesis kit (Invitrogen). One microlitre of a 1 : 100 dilution of the cDNA reaction was amplified using forward and reverse primers for the EV71 genome and b-actin as a control, using a SYBR Green PCR Master Mix (Applied Biosystems). The forward and reverse EV71 primers were 59-ACTGACCAAGGACACTTCAC-39 and 59-CCAGTGTGAGTTCCAAGTTT-39, respectively. The forward and reverse b-actin primers were 59-ATCGTGCGTGACATTAAGGAG-39 and 59-CCATCTCTTGCTCGAAGTCC-39, respectively. The reactions were performed in a GeneAmp 5700 sequence detection system (Applied Biosystems) under the following thermal cycling conditions: 94 uC for 10 min, followed by 40 cycles of 94 uC for 30 s, 55 uC for 30 s and 72 uC for 60 s. The threshold cycle value was normalized to that of b-actin.
Determination of cell viability. Cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Denizot & Lang, 1986) . Briefly, cells were incubated with 0.5 mg MTT ml 21 at 37 uC for 2 h. After removal of culture medium, 100 ml DMSO was added to solubilize the formazan formed. Absorbance was measured using a microplate reader with a 570 nm test wavelength and a 690 nm reference wavelength. The A 570 2A 690 value for each well was corrected for the blank well. The percentage viability was calculated as:
(Corrected absorbance of each experimental well/corrected absorbance of well containing uninfected cells)6100
Microscopic examination of CPE. Chromatin condensation and the appearance of crescent-shaped nuclei were taken as the criteria of CPE (Agol et al., 1998) . The cell-permeable DNA dye Hoechst 33342 was added to cells at a concentration of 5 mg ml 21 , 15 min prior to the end of the relevant incubation time. The stained cells were examined under a fluorescence microscope.
Detection of reactive oxygen species (ROS). To visualize the formation of ROS, we examined the fluorescence of dichlorofluorescein (DCF) derived from oxidation of dihydrodichlorofluorescein (H 2 DCF). Briefly, cells were infected with EV71 at an m.o.i. of 1.25. At 48 h p.i., the cells were loaded with 5 mM dichlorofluorescein diacetate (H 2 DCFDA) for 20 min at 37 uC and subsequently examined under a fluorescence microscope.
ROS formation was also analysed quantitatively by flow cytometry. Briefly, cells were loaded with H 2 DCFDA as described above. The loaded cells were washed twice with PBS and trypsinized for flow cytometric analysis as described previously (Royall & Ischiropoulos, 1993) . The mean fluorescence intensity (MFI) of the DCF channel was quantified using CellQuest Pro software (Becton Dickinson). The percentage increase in DCF was calculated as follows:
(MFI of H 2 DCFDA-loaded, infected cells)2(MFI of H 2 DCFDA-loaded, uninfected cells) 6100 /(MFI of H 2 DCFDA-loaded, uninfected cells)
High-performance liquid chromatographic (HPLC) analysis of glutathione (GSH) and its disulfide form (GSSG). Cells (2610 4 ) were seeded into each well of a 12-well culture plate, incubated overnight and infected at the indicated m.o.i. with EV71 as described above. At 48 h p.i., the culture was rinsed once with PBS and lysed in 200 ml 1 % (w/v) metaphosphoric acid on ice. The lysate was collected and centrifuged, and the supernatant was filtered and subjected to HPLC analysis. The sample was separated by chromatography on an Inertsil ODS C18 column (5 mm, 4.66250 mm; GL Sciences) and eluted at 0.8 ml min 21 with a mobile phase of 10 mM NaH 2 PO 4 (pH 2.7)/0.3 mM octane sulfonic acid/5.1 % acetonitrile. GSH and GSSG were monitored with an ESA CoulArray multi-channel electrochemical detector; the electrodes were set at 400, 650, 700, 800 and 850 mV. 
RESULTS

G6PD deficiency enhances EV71 replication
To investigate whether G6PD status affects the infectivity of EV71, we examined the ability of EV71 to replicate in HFF1 and HFF3 cells. As shown in Fig. 1(b, c) , the number of viral progeny increased with m.o.i. of inoculum. Intriguingly, the number of progeny virions derived from infection of HFF1 cells was significantly higher than that from HFF3 cells (Fig. 1a-c) .
Increased production of infectious progeny virions in G6PD-deficient cells was associated with an increase in the copy number of the viral genome. As shown in Fig. 2(i) , the copy numbers of viral genomic RNA in HFF3 cells at 2, 4 and 8 h p.i. were, respectively, 1.80-, 5.40-and 238.70-fold that at 0 h p.i. In contrast, there were significantly more copies of the EV71 genome in HFF1 cells at 8 h p.i. (460.76±23.55 in HFF1 vs 238.70±17.64 in HFF3, n56). The enhanced replication of EV71 in HFF1 cells was associated with increased expression of viral protein ( Fig. 2a-h ; compare panels f and h).
Increased CPE of EV71 infection is associated with G6PD deficiency
To study whether enhanced virus replication in G6PD-deficient cells correlated with CPE, we examined the CPE and viability of EV71-infected HFF1 and HFF3 cells (Fig. 3) . At 24 h p.i., fibroblasts started to round up and lose contact with the substratum (data not shown). These cells displayed a nuclear morphology characteristic of CPE: the nuclei were crescent-shaped with condensed chromatin at their periphery (Fig. 3b, inset) . The number of cells with these morphological changes increased as infection progressed. Interestingly, the number of cells with CPE was higher in HFF1 cells than in HFF3 cells (Fig. 3b, d ). The enhanced CPE in G6PD-deficient cells was reflected by an increased loss of viability (Fig. 3e, f) . The viability of the infected cells decreased with increasing m.o.i. of virus inoculum. Additionally, the viability of infected HFF1 cells was significantly lower than that of HFF3 cells at an m.o.i. above 0.6 (Fig. 3e, f) . At 24 h p.i., the viability of HFF1 cells infected at an m.o.i. of 1.25 was about 21 % lower than that of HFF3 cells infected at the same m.o.i. Such discrepancy further increased as the post-infection incubation period increased to 48 h (32.44±5.97 in HFF1 cells vs 55.58±5.43 in HFF3 cells, n56).
Increased susceptibility to EV71 infection is associated with increased oxidative stress in G6PD-deficient cells
To investigate whether a reduced ability to withstand oxidative stress in G6PD-deficient cells was associated with increased susceptibility to EV71 infection, we examined changes in the GSH : GSSG ratio in cells following infection. The GSH : GSSG ratio in uninfected HFF3 cells (32.40±2.62) was higher than in HFF1 cells (20.72±2.42). EV71 infection caused a decline in the GSH : GSSG ratio in an m.o.i.-dependent manner. As the m.o.i. of the inoculum increased from 0.3125 to 1.25, the GSH : GSSG ratio in HFF3 cells decreased from 23.21±2.91 to 14.42±1.94 (Fig. 4a) . The decline was more dramatic in the case of infected HFF1 cells. At 48 h p.i., at an m.o.i. of 1.25, the GSH : GSSG ratio was decreased by over 75 %. A reduction in the GSH : GSSG ratio is indicative of increased oxidative stress in infected cells. As shown in Fig. 5 , infected cells displayed elevated DCF fluorescence, with the increases being greater in HFF1 cells than in HFF3 cells. (Fig. 6a) . When examined at 48 h p.i., the number of viral particles produced in LGIN and LKGIN cells decreased by 72.25 and 78.01 %, respectively (Fig. 6b) . This was consistent with a significant reduction in the levels of progeny viral RNA in these cells (Fig. 6c) . These findings clearly showed that exogenous G6PD expression reduces virus replication and the production of infectious viral progeny.
Concomitant with the decreased EV71 replication in infected LGIN and LKGIN cells, these cells displayed higher viability than infected LEIN cells; this was clearly seen at 24 h p.i. At an m.o.i. of 1.25, the viabilities of LGIN and LKGIN cells were 18.58 and 21.16 % higher than that of LEIN cells (Fig. 7a) . At 48 h p.i., the differences became even more pronounced.
LGIN and LKGIN cells (at an m.o.i. of 1.25) had viabilities 46.04 and 71.91 % higher than LEIN cells (Fig. 7b) . In agreement with this, the number of cells with a morphology typical of CPE was lower in LGIN and LKGIN cells than in LEIN cells (data not shown).
We further tested the possibility that exogenous G6PD expression conferred resistance to EV71 infection through the potentiation of cellular antioxidant capacity. As indicated in Fig. 4(b) , the GSH : GSSG ratios of uninfected LGIN and LKGIN cells were 35.65±0.85 and 39.06±1.13, which were substantially higher than that of LEIN cells (20.79±3.00). The decline in GSH : GSSG ratio in LGIN or LKGIN cells following EV71 infection was relatively limited. At an m.o.i. of 1.25, the GSH : GSSG ratio was reduced in LGIN and LKGIN cells by 57.82 and 59.30 %, compared with 84.34 % in LEIN cells, indicating that the higher the GSH : GSSG ratio the greater the protection against EV71 infection.
Antioxidant treatment attenuates cellular susceptibility to EV71 infection
Next, we tested whether antioxidant treatment could protect cells against EV71 infection. HFF1 and HFF3 cells were pre-treated with N-acetylcysteine (NAC) 1 h prior to infection with EV71 and the effects of NAC on loss of viability and the production of progeny virions were examined. Treatment with 0.1 mM NAC restored the viabilities of infected HFF1 and HFF3 cells to 58.41±5.59 and 65.38±5.93 %, respectively (Fig. 8a) . This cytoprotective effect was further enhanced when the NAC concentration was increased to 0.5 mM. Consistent with this, NAC significantly inhibited EV71 replication. The number of progeny virions in HFF1 and HFF3 cells was reduced by 42.50 and 48.95 %, respectively, following treatment with 0.5 mM NAC (Fig. 8b) . These findings further corroborated the association between redox status and cellular susceptibility to EV71 infection.
DISCUSSION
In this study, we showed that G6PD-deficient cells are more susceptible to EV71 infection than wild-type cells. Virus replication, as indicated by levels of viral genomic RNA and the production of infectious viral progeny, was enhanced in these cells (Figs 1 and 2 ). It was accompanied by increased CPE and loss of viability (Fig. 3) . Mechanistically, EV71 infection could by itself elicit oxidative stress (Fig. 5) . The increased viral susceptibility in G6PD-deficient cells was attributed to a debilitated antioxidant defence and higher levels of oxidative stress (Fig. 4) . Replenishment of G6PD increased the GSH content and offered considerable protection against infection (Figs 4, 6 and 7) , reiterating the importance of G6PD as a host factor of viral infection. Mitigation of EV71 replication and cell demise by antioxidants are in line with the notion that the host cell's G6PD status affects the intracellular redox balance and determines the outcome of EV71 infection (Fig. 8) .
A number of studies have shown that nutritional deficiencies and redox status modulate susceptibility to viral infection (Beck et al., 2000 (Beck et al., , 2004 . Some of these effects have been attributed to altered immune responses (Bhaskaram, 2001; Biagioli et al., 1999) . Using G6PD-deficient cells as a model, we demonstrated that the shift in intracellular redox milieu towards the oxidizing end enhances virus replication and CPE. Little is known about the underlying mechanism. One of the signalling pathways, the mitogen-activated protein kinase (MAPK) cascade, is redox-modulated (Fujino et al., 2006; Torres & Forman, 2003) and is activated in response to EV71 infection (Wong et al., 2005) . It has been reported that MAPK and the stress-activated protein kinases are involved in replication of coxsackievirus B3 and encephalomyocarditis virus (Hirasawa et al., 2003; Luo et al., 2002) . The increased ROS generation in G6PD-deficient cells may cause stronger signalling through these kinase cascades, thereby causing enhanced virus replication.
Viral infection can lead to oxidative stress (Schwarz, 1996) . Levels of malondialdehyde are increased in clinical specimens from hepatitis C and AIDS patients (Gil et al., 2003; Ko et al., 2005; Paradis et al., 1997; Turchan et al., 2003) . Murine infection models have indicated that increased superoxide production has been observed in pneumonia caused by influenza A virus (Oda et al., 1989) . Murine coxsackievirus B infection causes myocarditis and plasma glutathione depletion (Kyto et al., 2004) . It is conceivable that viral-induced activation of inflammatory cells partially accounts for such effects. Besides, as is the case with EV71, the virus itself can elicit ROS generation at the single-cell level. Expression of viral proteins, such as human immunodeficiency virus type 1 Tat protein and hepatitis C virus core antigen, are conducive to oxidative stress (Lachgar et al., 1999; Okuda et al., 2002; Toborek et al., 2003) . It is plausible that certain EV71 proteins may act in a similar way. Experiments are under way to test these possibilities.
Our findings suggest a model for the relationship between the redox status of the host cell and EV71. After entry into a cell, EV71 viral RNA is translated into proteins and replication ensues. These processes are sensitive to the intracellular redox environment, being more active in an oxidizing milieu. Expression of viral protein induces ROS generation through a hitherto-unknown mechanism. This sets up a vicious cycle of ROS production and virus replication. In G6PD-deficient cells, the antioxidant capacity is limited and the intracellular environment is shifted towards the oxidizing end. The cycle is speeded up, resulting in increased CPE and virus replication, as well as oxidative stress.
Overall, our findings lend strong support to the notion that the redox status of host cells modulates the infectivity of enteroviral pathogens. It will be interesting to see whether such findings can be extrapolated to other viruses. Moreover, the finding that NAC can reduce progeny virus production raises the possibility of using antioxidants for therapeutic purposes. Antioxidant supplementation may improve the clinical situation of EV71-infected patients or be used as a preventive measure against EV71 infection.
